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1. Introduction
Epoxy resins are widely used in several applica-
tions: adhesives, coatings, castings, electric lami-
nates, encapsulation of semiconductor devices,
matrix materials for composites, structural compo-
nents and engineering [1, 2], because of their good
characteristics such as adhesion and chemical resist-
ance. However, due to their high cross-link density
they are inherently brittle, which limits their appli-
cability. With the aim to increase their toughness
different types of modifiers have been added to
epoxy formulations such as rubber, thermoplastic
and core-shell particles. The addition of liquid rub-
bers and thermoplastics was one of the first attempts
to improve toughness, but usually this method has a
detrimental effect on the thermomechanical charac-
teristics of the thermosets and the processability of
the formulation [3], which is a drawback for coatings
applications [4, 5]. To solve the limitations related
to processability, hyperbranched polymers (HBPs)
were introduced as toughness modifiers [6–8]. The
advantage is that their highly branched structure
prevents entanglement, reducing the viscosity of
the formulation in comparison to the use of their
linear analogues. Moreover, the great number of ter-
minal groups has a significant effect on the reactiv-
ity, can increase the compatibility with the resin and
helps to maintain thermomechanical characteristics
[9, 10]. Based on their unique properties, HBPs
have been applied not only as tougheners for ther-
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© BME-PTmosets but also in cross-linking or adhesive agents
[11], compatibilizers [12], dispersers [13], process-
ing aids, and rheology modifiers [14, 15].
One of the most effective methods of inhibiting
crack growth after impact is the addition of a sec-
ond phase that induces the formation of particles
that absorb the impact energy and deflect the crack
[5]. Usually, the particles are generated from a homo-
geneous solution composed of the resin, curing agent
and modifiers, which on curing causes a reaction-
induced phase separation (RIPS) to take place. The
phase separated morphology is highly dependent on
the kinetics of curing and on the dynamics of the
phase separation process.
The synthesis and characterization of aromatic-
aliphatic hyperbranched polyesters modified with
long and short vinylic chains and their use as modi-
fiers of DGEBA thermosets cured with hexahydro-
4-methylphthalic anhydride was reported by us [16].
The addition of these modifiers led to significantly
increased rates of cure. However, the materials
obtained were homogeneous and the increase in
impact strength was only modest. In addition, the
HBPs led to a plasticization and to a considerable
decrease in the Tg.
In a previous paper we demonstrated the latent
character of a series of dihydrazides in the thermal
curing of DGEBA [17]. Several dihydrazides were
synthesized and used as stoichiometric curing agents
of epoxy resins. From the dihydrazides synthesized,
AH was the one that leads to curing at the lowest
temperature (maximum of the curing exotherm at
165°C) and led to materials with good characteris-
tics. However, dihydrazides possess a high crys-
talline character and they are difficult to disperse or
dissolve, because on melting (at 181–184°C) the
curing process is extremely fast.
In the present work, the influence of the addition of
aromatic-aliphatic hyperbranched polyesters modi-
fied with long and short vinylic chains (see Fig-
ure 1) to the epoxy formulation has been studied
with two different aims: to increase toughness and
help to disperse AH in the DGEBA resin. In addi-
tion, it was expected from the fast curing process
caused by the dihydrazides at the appropriate tem-
perature that could induce phase separated mor-
phologies, when the HBP structure cannot be cova-
lently incorporated to the epoxy matrix, because of
its solubility and the end group characteristics.
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Figure 1. Structure of the HBP modifiers added to the formulations2. Experimental
2.1. Materials
4,4-Bis(4-hydroxyphenyl) valeric acid, N,N"-dicy-
clohexylcarbodiimide (DCC), triethyl amine, allyl
bromide, 10-undecenoyl chloride, diethyl adipate
and hydrazine hydrate were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used without
further purification. Diglycidyl ether of Bisphenol
A (DGEBA) Epikote Resin 828 was provided by
Momentive Speciality Chemicals Inc. (Barbastro,
Spain) with an epoxy equivalent of 184 g/eq and
was dried in vacuum before use. All the organic sol-
vents were purchased from Scharlab and purified
by standard procedures. 4-(N,N-dimethylamino)
pyridinium p-toluenesulfonate (DPTS) was pre-
pared as described in the literature [18].
2.2. Synthesis of adipic dihydrazide (AH)
50.5 g (0.25 mol) of the diethyl adipate were dis-
solved in 200 mL of absolute ethanol and 0.9 mol of
hydrazine hydrate (90%) were added drop by drop.
Once the addition was complete the heating was
turned on and the mixture was kept 6 h at reflux.
During this time a white precipitate was formed,
which was filtered through a Buchner funnel and
then washed twice with cold ethanol. The white
powder was dried in the vacuum oven at 50°C. The
obtained yield was higher than 90%. m.p. 181–4°C
(recrystallized from ethanol). 1H NMR (DMSO-d6,
# in ppm): 8.93 s (2H, –NH–); 4.14 s (4H, –NH2);
1.97 t (4H, –CH2–) 1.41 m (4H, –CH2–); 13C NMR
(DMSO-d6, # in ppm): 171.49 (–CONH–); 33.27
(–CH2–); 24.99 (–CH2–). FTIR-ATR (cm–1): 3310,
3288, 3197, 1626, 1529, 1376, 1273, 1166, 1033,
690.
2.3. Hyperbranched polyester synthesis
(HBP-OH)
The HBP-OH (Figure 1) was synthesized according
to a previously described procedure [19] from 4,4-
bis(4-hydroxyphenyl) valeric acid as AB2
monomer. The 1H and 13C NMR data are in accor-
dance with those published [20].
Mn: 8700 g/mol, Mw: 12300 g/mol. Tg 121°C (by
DSC). The amount of hydroxyl groups was deter-
mined according to ISO 2554-1974 standards. The
number of hydroxyl groups per molecule found by
titration was 36 [16].
2.4. Derivatization of HBP-OH with
10-undecenoyl chain ends (HBP-Und) 
The derivatization was done from HBP-OH (Fig-
ure 1) synthesized previously by reacting with 10-
undecenoyl chloride in the presence of triethy-
lamine, as previously described [16]. The product
was dried in a vacuum oven at 50°C overnight and a
pale brown viscous liquid was obtained. Yield: 94%
Tg 18°C (by DSC).
1H NMR (400 MHz, CDCl3),  # (ppm): 1.26 m
(–CH2–); 1.41 m (–CH3); 1.68 m (–CH2–); 2.06 m
(–CH2–); 2.34 m (–CH2–); 2.55 m (–CH2–); 5.10 dd
(CH2=); 5.87 m (=CH–); 7.11 m (CH Ar).
13C NMR (100.6 MHz, CDCl3),  # (ppm): 24.7
(–CH2–); 27.6 (–CH2–); 28.9 (–CH2–); 33.6 (–CH2–);
34.3 (–CH2–) 36.2 (–CH2–); 45.4 (=C=);113.9
(CH2=); 121.2 (Ar) ; 128.2 (Ar); 139.0 (=CH–);
145.6 (Ar); 148.6 (Ar);172.3 (C=O).
2.5. Derivatization of HBP-OH with allyl
chain ends (HBP-Allyl)
The derivatization was performed by nucleophylic
substitution on allyl bromide by the phenolate end
groups, formed by treating HBP-OH (Figure 1)
with K2CO3 in a mixture of THF and acetone, as pre-
viously reported [16]. HBP-Allyl was obtained by
precipitating the THF solution on water. The poly-
mer was dried in a vacuum oven at 50°C overnight
and a white powder was obtained. Yield: 90%. Tg
81°C (by DSC).
1H NMR (400 MHz, CDCl3),  # (ppm): 1.65 s
(–CH3–); 2.36 m (–CH2–); 2.53 (–CH2–); 4.53 s
(–CH2–); 5.35 dd (CH2=); 6.07 m (=CH–); 6.8–7.2 m
(CH Ar).
13C NMR (100.6 MHz, CDCl3),  # (ppm): 28.0
(–CH2–); 30.6 (–CH2); 36.6 (–CH2–); 45.1 (=C=);
68.9 (–CH2–); 114.3 (Ar); 117,9 (CH2=) ; 128.4
(Ar); 133.5 (=CH–); 141.2 (Ar); 156.9 (Ar); 172.5
(C=O).
2.6. Preparation of the curing mixtures
The neat DGEBA/AH formulation was prepared by
adding the stoichiometric amounts of each reactant
to a mortar and homogenizing them by mechanical
mixing while heating at 90°C. For the preparation
of the formulations with the HBP modifiers, first of
all the corresponding proportion was dissolved in
DGEBA by adding a little amount of THF. The sol-
                                               Tomuta et al. – eXPRESS Polymer Letters Vol.7, No.7 (2013) 595–606
                                                                                                    597vent was then eliminated in vacuum at 50°C overnight
and then the stoichiometric amount of AH was
added and homogenized by mixing in a mortar
while heating at 90°C. The proportions of HBPs
added were a 5 and 10% w/w in reference to
DGEBA. AH was added in a molar proportion to
DGEBA of 1:2. 
2.7. Measurements
The 400 MHz 1H NMR and 100.6 MHz 13C NMR
spectra were obtained with a Varian Gemini 400
spectrometer with Fourier Transformed (Palo Alto,
California USA). 1H NMR spectra were acquired in
1 min and 16 scans with a 1.0 s relaxation delay
(D1). 13C NMR spectra were obtained using a D1 of
0.5 s and an acquisition time of 0.2 s. A total of 500
accumulations were recorded. CDCl3 was used as a
solvent and tetramethylsilane (TMS) as internal
standard.
Calorimetric analyses were carried out on a Mettler
DSC-821e calorimeter (Greifensee, Switzerland).
Samples of approximately 10 mg were cured in alu-
minium pans in a nitrogen atmosphere. Non-isother-
mal experiments were performed from 0 to 225°C
at heating rates of 2, 5, 10, and 15°C/min to deter-
mine the reaction heat and the kinetic parameters.
In the non-isothermal curing process, the degree of
conversion at a given temperature T was calculated
as the quotient between the heat released up to T
and the total reaction heat associated with the com-
plete conversion of all reactive groups. The preci-
sion of the given enthalpies is ±3%. The Tgs of the
cured materials were determined with a second scan
at 20°C/min after dynamic curing by the mid-point
method and the error is estimated to be approxi-
mately ±1°C. The Tgs of the pure HBPs were deter-
mined by a similar procedure.
Dynamic mechanical thermal analysis (DMTA)
was carried out with a TA Instruments DMTA 2980
analyzer (New Castle, USA). The samples were cured
isothermally in a mould at 190°C for 1 h and then
post-cured for 0.5 h at 200°C. Before the samples
were prepared, they were degassed in a vacuum
oven at 50°C for 3 h. Single cantilever bending at
1 Hz was performed at 3°C/min from 30 to 220°C
on prismatic rectangular samples (1.5$20$5 mm3).
Thermogravimetric analysis was carried out with a
Mettler-Toledo TGA/SDTA 851e thermobalance
(Greifensee, Switzerland). Cured samples with an
approximate mass of 5 mg were heated from 30 to
800°C at a heating rate of 10°C/min in a nitrogen
atmosphere.
Impact tests were performed at room temperature
by means of a Zwick 5110 impact tester (Altamonte
Springs, USA) according to ASTM D 4508-05
using rectangular samples (25$12$2.5 mm3). The
pendulum employed had a kinetic energy of 1 J. For
each material, 9 determinations were made. The
impact strength (IS) was calculated from the energy
absorbed by the sample upon fracture according to
Equation (1):
                                                       (1)
where E and E0 are the energy loss of the pendulum
with and without sample respectively, and S is the
cross-section of the samples.
The fracture area of impacted samples was metal-
ized with gold and observed with a scanning elec-
tron microscope (SEM) Jeol JSM 6400 (Tokyo,
Japan).
The kinetic triplet (pre-exponential factor, activa-
tion energy, and the kinetic model) of the curing
was determined using integral isoconversional non-
isothermal kinetic analysis, Kissinger-Akahira-
Sunose equation, combined with the Coats-Redfern
procedure. Details of the kinetic methodology are
given in previous studies [21].
Microhardness was measured with a Wilson Wolpert
(Micro-Knoop 401MAV) device (Massachusetts,
USA) following the ASTM D1474-98 (2008) stan-
dard procedure. For each material 10 determina-
tions were made with a confidence level of 95%.
The Knoop microhardness (HKN) was calculated
from Equation (2):
                                             (2)
where L is the load applied to the indenter (0.025 kg),
Ap is the projected area of indentation in mm2, l is
the measured length of long diagonal of indentation
in mm, and Cp is the indenter constant (7.028·10–2)
relating l2 to Ap. The values were obtained from 10
determinations with the calculated precision (95%
of confidence level).
HKN 5
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3.1. Calorimetric study of the curing process
and the thermosets obtained
In the preparation of epoxy thermosets, the selec-
tion of the curing agent is crucial to obtaining good
thermoset properties but especially when a HBP
modifier is added to the formulation, because of the
role played by the chemistry of the curing agent in
the possible reaction of the terminal groups in the
HBP structure. A number of authors used primary
amines as curing agents, which did not allow the
covalent incorporation of hydroxyl terminated HBPs
to the epoxy matrix and thus microphase separation
in the final material could be observed [22, 23]. In
the present study, the addition of a 5 or 10% in weight
of HBP-OH and its derivatives with allyl and 10-
undecenoyl chain ends should not react with dihy-
drazides and phase separation could also be expected.
However, not only the chemistry of the terminal
groups but also the structure of the HBP and the
curing rate can influence the phase separation
process.
In a previous paper, we reported the study of the
curing process of DGEBA with some dihydrazides
and concluded that the stoichiometric proportion is
2 mol of DGEBA per each mol of dihydrazide. The
structure of the network formed was confirmed by
FTIR analysis and is represented in Figure 2.
The curing could be catalyzed by acidic and basic
catalysts but the latent character was reduced, and
therefore some effects on the curing evolution can
be expected on adding HBP modifiers.
We studied the curing process by non-isothermal
scanning calorimetry. The calorimetric curves col-
lected in Figure 3 show the curing exotherms for all
the formulations studied. The plot of conversion
against temperature for all the studied formulations
is represented in Figure 4 and the calorimetric data
are collected in Table 1. In this plot, we can observe
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Figure 2. Structure of the network formed by reaction of the epoxy resin and the adipic dihydrazide
Figure 3. Calorimetric curves for the formulations studied
obtained in DSC scans at 10°C/min under N2
Figure 4. Conversion against temperature of the dynamic
curing at 10°C/min of all the formulations studiedthat the latent character of the curing of the neat for-
mulation is slightly reduced on adding the HBP
modifiers. The effect on the latency seems to be
more noticeable on adding HBP-OH, which cat-
alyzes the first stages of the curing process. How-
ever, a delay is observed at higher conversions. The
catalytic effect is increased with the proportion of
HBP-OH in the formulation. This can be explained
by the presence of phenolic groups, which can facil-
itate the nucleophylic attack of the nitrogen on the
epoxy ring by the formation of hydrogen bonds, as
is described for epoxy-amine formulations [24].
Since during curing of epoxy resins with active
NH2 moieties OH groups are always formed, the
effect of the phenolic groups of the HBP is not as
noticeable when the conversion reaches a certain
extent. Moreover, the viscosity of the reactive mix-
ture increases and can delay the curing process. The
addition of HBP-Und and HBP-Allyl leads to a sig-
nificant reduction of the curing rate, and higher
temperatures are needed to cure these formulations.
However, there is not a clear dependence of the cur-
ing rate with the amount of modifier. In a previous
study in epoxy-anhydride thermosets with both
modified HBPs an acceleration of the curing was
observed in spite of the higher viscosities of the for-
mulations. This acceleration was attributed to the
presence of carboxylic groups in the focal point of
the HBPs, which can catalyze the curing process
[16]. In the present case using dihydrazides, the
dilution effect on adding the modifiers and the
increase in the viscosity seem to greatly influence
the curing rate in comparison to the acidic catalysis
produced by carboxylic groups [17].
From the values in Table 1 we can observe that the
curing enthalpy of the formulations containing HBP
modifiers is somewhat lower than that measured for
the neat formulation, but in all cases the curing was
complete, as identified by the complete disappear-
ance of the band at 910 cm–1 in the FTIR of the final
thermosets. It should be stressed that the Tg meas-
ured for the modified thermosets does not decrease
significantly, and even increases in the case of
adding HBP-OH to the formulation. If we consider
the Tgs of the different hyperbranched Tg
HBP and the
Tg of the neat material and apply these values and
the corresponding proportions (w) in the Fox equa-
tion [25] (Equation (3)) we can predict the Tg val-
ues of the homogenously blended modified ther-
mosets:
                                          (3)
As can be seen in Table 1, only the thermoset with a
5% of Allyl-HBP has an experimental value of Tg
similar to that predicted by this equation, whereas
the addition of the other vinylic modified HBPs
does not significantly influence the Tg determined
for the neat material. This result can be explained by
a phase separation of the HBPs due to the incompat-
ibility produced during the curing reaction, which
will be further confirmed by SEM. Since the initial
solution was fully compatible, the separation of the
particles is originated by a reaction-induced phase
separation process (RIPS), which is highly depend-
ent on the kinetics of curing and on the dynamics of
the phase separation process. It should be pointed
out, that the same HBP-Allyl and HBP-Und were
1
Tg
5
w
Tg
HBP 1
1 2 w
Tg
neat
1
Tg
5
w
Tg
HBP 1
1 2 w
Tg
neat
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Table 1. Calorimetric data and kinetic parameters obtained in the curing of all the formulations
aTemperature of the maximum of the curing exotherm registered at 10°C/min.
bEnthalpy of the curing exotherm registered at 10°C/min.
cTg determined after curing in a dynamic scan registered at 20°C/min.
dTg calculated by the Fox equation.
eValues of activation energy at 50% of conversion, evaluated by the isoconversional non-isothermal procedure.
fPre-exponential factors calculated for autocatalytic model (n = 2.1, m = 0.9) with g(%) = [(1–%)%–1]–0.9(0.9)–1.
gValues of rate constants at 170°C using the Arrhenius equation at 50% conversion.
Thermoset
Tmax
a
[°C]
!hb
[J/g]
!hb
[kJ/eq]
Tg
c
[°C]
TgFox
d
[°C]
Ea
e
[kJ/mol]
lnAf
[s–1]
k170°C
g
[min–1]
Neat 165 408 96 128 128 170 49.2 21.3
HBP-OH-5% 170 352 90 130 128 114 33.0 7.1
HBP-OH-10% 167 331 89 138 127 99 29.0 7.3
HBP-Und-5% 172 355 91 127 121 117 33.4 5.0
HBP-Und-10% 176 327 88 123 113 117 33.1 4.5
HBP-Allyl-5% 180 273 70 123 125 161 45.3 4.7
HBP-Allyl-10% 177 285 78 128 121 127 35.7 3.0used as modifiers of DGEBA/anhydride thermosets,
leading to completely homogeneous materials [16].
The higher curing rate when dihydrazides are used
as curing agents and the highly polar structure of
the network produced with this agent could both be
responsible for the phase separation process, since
these HBPs cannot be chemically incorporated into
the epoxy network and have non-polar characteris-
tics, especially in case of HBP-Und, as a result of the
presence of the long aliphatic chains. Thus, the addi-
tion of a 5% of HBP-Allyl to the formulation leads
to a homogeneous material because of its higher
compatibility, due to its shorter aliphatic structure.
On adding HBP-OH to the formulation, the Tg of the
final thermosets is even higher than that predicted
by the Fox equation. This unexpected result in fully
homogeneous materials can be rationalized by the
reduction in free volume due to the hydrogen bond-
ing established between the OH groups of HBP and
the epoxy-dihydrazide network [26].
In Table 1, the kinetic parameters calculated for the
curing of the different formulations are collected.
The kinetics of these systems was studied by the
non-isothermal isoconversional procedure, as
explained in the experimental part and in a previous
article [21]. Figure 5 shows the evolution of the acti-
vation energy against conversion for the formula-
tions studied.
As is shown in the Figure 5, the activation energy
remains, during curing, nearly constant for all formu-
lations. This result suggests that the reaction mech-
anism is the same in the whole range of curing and
only a single kinetic model is needed to describe the
curing. In many reaction processes the values of
activation energy, due to the compensation effect
between the activation energy and the pre-exponen-
tial factor [27], do not reflect exactly the reaction
rate and it is better to discuss the rate constants cal-
culated using the Arrhenius equation and the afore-
mentioned kinetic parameters. To calculate the fre-
quency factors, we selected the kinetic model that
best fits the experimental data, which for all formu-
lations was the autocatalytic kinetic model with n =
2.1 and m = 0.9. This kinetic model is consistent
with the accelerative effect of the hydroxyl groups
generated during curing.
The calculated values of the rate constants (Table 1)
illustrate the order of reactivity on curing at a con-
version of 0.5 and agree with the experimental con-
version-temperature curves. In this conversion, all
the HBP modifiers show a delaying effect on the
curing rate, as can be also observed in Figure 4.
However, this effect is not produced at the begin-
ning of curing in the case of the formulations con-
taining HBP-OH, where hydroxyl terminal groups
accelerate the curing.
3.2. Characterization of the materials by TGA
and DMTA
Table 2 and Figure 6 present the thermogravimetric
data and the derivatives of the TGA curves, respec-
tively.
The thermosets obtained show a higher resistance
to thermal degradation than the neat material, since
the ester groups introduced are aromatic and there-
fore there is no &-elimination process that finally
leads to the formation of little fragments that can be
lost on heating. There is also no effect on the tem-
perature of the maximum degradation rate, but the
shape of the curves changes on modifying the mate-
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Table 2. Thermogravimetric data for all the thermosets
obtained
aTemperature of the 5% of weight loss in N2 atmosphere.
bThe temperature of the peaks of the derivative on the thermogram
registered in N2 atmosphere.
cChar yield after a dynamic scan until 600°C in N2 atmosphere.
Thermoset
T5%
a
[°C]
Tmax
b
[°C]
Char yieldc
[%]
Neat 287 337–390 12.2
OH-5% 292 344–407 13.2
OH-10% 290 352–398 14.1
Und-5% 293 355–404 14.5
Und-10% 291 356–402 14.6
Allyl-5% 297 360–400 13.7
Allyl-10% 296 350–410 13.8
Figure 5.Apparent activation energies against conversion
of all the formulations studiedrials. As we can see, all the degradation curves are
bimodal, indicating two different degradative
processes. In case of the neat material, the peak at
lower temperature is more pronounced than the one
occurring at higher temperature, whereas in case of
the material containing a 10% of HBP-Und the con-
trary trend is observed. This can be related to the
lower proportion of OH groups in the latter.
Figures 7 and 8 show the curves of the storage mod-
ulus and tan!, respectively, for all the thermosets pre-
pared obtained by DMTA. In Figure 7 we can see
that the modulus in the rubbery state is similar for
the neat and HBP-OH formulations, which seems to
indicate that the crosslinking density, either cova-
lently or by hydrogen bonding, is quite similar. On
the contrary, the presence of HBP-Ally and HBP-
Und leads to a reduction of the modulus. From Fig-
ure 8, it can be seen that the temperature of the
maximum of the tan! peak is quite similar for all
the thermosets studied, but the values are higher
than those obtained by DSC, because of the differ-
ences in the frequency applied in DMTA technique.
It should be noted that the materials containing a
10% of HBP-Allyl or HBP-Und show a much
broader curve indicating their lower homogeneity.
3.3. Mechanical and morphological
characterization
Microhardness measurements are very useful in rat-
ing coatings on rigid substrates as a measure of the
resistance that one body offers against penetration
by another under static loads. These measurements
were carried out with a Knoop microindenter and
the results are shown in Figure 9.
As can be seen, the addition of all the HBP modi-
fiers does not reduce this parameter but even
increases it, which is advantageous in the perform-
ance of the coatings. The best formulation in terms
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Figure 6. Derivatives of the TGA curves in N2 atmosphere
for the thermosets obtained
Figure 7. Evolution of storage modulus against temperature
at 1 Hz for all the thermosets obtained
Figure 8. Evolution of tan! against temperature at 1 Hz for
all the thermosets obtained
Figure 9. Microhardness values of the thermosets prepared.
The increase in microhardness respect to the neat
formulation is also indicated.of microhardness enhancement is the one contain-
ing a 10% of HBP-Allyl.
The results of the impact tests are collected in Fig-
ure 10 for all the materials prepared. The values cor-
respond to the energy absorbed by the material dur-
ing crack propagation. It is possible to prove that
the modification of DGEBA/AH thermosets with
all the HBPs synthesized improves this value, as it
was reported in previous publications on epoxy/
amine or anhydride systems [28].
As we can see, all the modified thermosets present a
higher value than the neat material. The highest val-
ues were obtained with a 10% of HBP-Und or a 5%
of HBP-Allyl. In reference to the impact strength
values, it should be pointed out that the neat system
is tougher than the DGEBA/MHHPA neat material
studied in a previous publication (2.4 to 3.9 kJ/m2)
[16]. This illustrates the important role of the curing
agent in the characteristics of the thermosets. More-
over, the addition of HBP-Und and HBP-Allyl to
DGEBA/dihydrazide materials results in a greater
improvement of the toughness characteristics in
comparison with DGEBA/MHHPA thermosets.
The SEM micrographs of the impacted fracture sur-
faces are collected in Figure 11. These show a frac-
ture surface with cracks and river-line structures in
different planes in the neat material in accordance
with the impact strength measured. In agreement
with our earlier interpretations, on comparing the
experimental Tgs which are higher than those pre-
dicted by the Fox equation, materials containing a
5% of HBP-Und or a 10% of both vinylic modifiers
show a clear phase separation of the HBP from the
epoxy matrix. Usually, particle phase separated
materials have enhanced toughness characteristics
[5, 29]. However, the thermoset containing a 10%
of HBP-OH shows a notable improvement in impact
strength, quite similar to phase separated materials,
but it presents a homogeneous appearance with a
patterned roughness. This type of morphology was
previously observed by us in materials obtained
with 1-methylimidazole, which cured very fast as is
also the case here [30]. The Tg measured for this
thermoset does not indicate plasticization, related to
ductility, that dictate its toughness characteristics
[31]. However, the rougher surface appearance
observed in the fractographs containing HBP-OH
blends, suggests that the impact specimens experi-
enced more plastic deformation during fracture in
comparison with the unmodified epoxy network.
As we can see, materials with a 5 or a 10% in weight
of HBP-Allyl show very different fracture mor-
phologies. Whereas the first one, present a homoge-
neous appearance with unidirectional cracks, river-
line structures and striations, the second present
nanoparticles (of about 300 nm) distributed in the
surface, which leads to high expanded cracks. In
both materials containing HBP-Und a microphase
separation is observed which stops or deflects the
crack propagation. In both cases, the size of the par-
ticles has a broad distribution, and more particles
with a bigger size (average about 1.5 µm) can be
observed for the material containing a larger pro-
portion of modifier.
In Figure 12, a more detailed micrograph of the
fracture surface for the material containing a 10% of
HBP-Und is shown. As we can see, when the crack
reaches the particle, it terminates and the energy is
dissipated around the particle of HBP. This indi-
cates that there is no interfacial adhesion between
epoxy network and HBP-Und as expected as a result
of the loss of hydrogen bonding by derivatization of
phenolic groups. Some authors reported that the
improvement in the interfacial adhesion of epoxy
resin and HBP particles contributes to an improve-
ment of the facture behaviour of epoxy resin/HBP
blends [27]. According to that argument, the nano/
microphase separation reached in the present study
does not very effectively enhance the toughness, as
was expected. HBP-OH modifiers do not separate
because of the compatibility with the epoxy matrix.
However, the improvement in toughness is achieved
in all the materials obtained in the present work
without any decrease of Tg or deterioration of the
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Figure 10. Impact strength values of the thermosets pre-
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Figure 11. SEM micrographs from impacted fracture surfaces of the thermosets prepared at 2000 magnificationsthermal characteristics and microhardness without
forgetting that the addition of HBPs helps to reach a
good dispersion of the dihydrazide in the formula-
tion.
4. Conclusions
A series of HBPs with OH or vinyl groups of differ-
ent length as chain ends were synthesized and used
as modifiers in DGEBA/AH formulations. The addi-
tion of the HBPs helped to disperse and to compati-
bilize the crystalline dihydrazide in the reactive
mixture.
The addition of HBP-OH to the formulation
increased the curing rate at the beginning of the cur-
ing but decreased it at high conversion, and slightly
reduced the latency of the adipic dihydrazide as
DGEBA curing system. The addition of HBP-Allyl
and HBP-Und led to a significant reduction of the
curing rate and higher curing temperatures were
needed to reach the complete curing of these formu-
lations.
The Tg values of the modified thermosets were not
significantly lower than that of the neat material
and were even higher when HBP-OH was blended
in the thermoset. This was attributed to the hydro-
gen bonding of the phenolic groups with the epoxy
matrix. When 5 or 10% of HBP-Und or 10% of HBP-
Allyl was incorporated into the material a nano or
microphase separation was observed by SEM,
which explains why no reduction in the Tg was
observed. The materials showed a higher resistance
to thermal degradation on adding the modifiers.
Microhardness and impact strength values were
improved by adding all the HBP modifiers to the
formulations.
Acknowledgements
The authors would like to thank MINECO (MAT2011-
27039-C03-01, MAT2011-27039-C03-02) and Generalitat
de Catalunya (2009-SGR-1512) for giving financial sup-
port. A.T. acknowledges the grant FI-DGR 2010 given by
the Generalitat de Catalunya. 
References
  [1] May C. A.: Epoxy resins. Chemistry and technology.
Marcel Dekker, New York (1988).
  [2] Petrie E. M.: Epoxy adhesive formulations. McGraw-
Hill, New York (2006).
  [3] Zheng S.: Nanostructured epoxies by the use of block
copolymers. in ‘Epoxy polymers: New materials and
innovations’ (eds.: Pascault J. P., Williams R. J. J.)
Wiley, Weinheim, 81–108 (2010).
DOI: 10.1002/9783527628704.ch5
  [4] Pearson R. A., Yee A. F.: Toughening mechanisms in
thermoplastic-modified epoxies: 1. Modification using
poly(phenylene oxide). Polymer, 34, 3658–3670 (1993).
DOI: 10.1016/0032-3861(93)90051-B
  [5] Bagheri R., Marouf B. T., Pearson R. A.: Rubber-
toughened epoxies: A critical review. Journal of Macro-
molecular Science Part C: Polymer Review, 49, 201–
225 (2009).
DOI: 10.1080/15583720903048227
  [6] Ratna D., Varley R., Simon G. P.: Toughening of tri-
functional epoxy using an epoxy-functionalized hyper-
branched polymer. Journal of Applied Polymer Sci-
ence, 89, 2339–2345 (2003).
DOI: 10.1002/app.12059
  [7] Boogh L., Pettersson B., Månson J-A. E.: Dendritic
hyperbranched polymers as tougheners for epoxy resins.
Polymer, 40, 2249–2261 (1999).
DOI: 10.1016/S0032-3861(98)00464-9
  [8] Mezzenga R., Boogh L., Månson J-A. E.: A review of
dendritic hyperbranched polymer as modifiers in epoxy
composites. Composites Science and Technology, 61,
787–795 (2001).
DOI: 10.1016/S0266-3538(01)00022-7
  [9] Morell M., Erber M., Ramis X., Ferrando F., Voit B.,
Serra A.: New epoxy thermosets modified with hyper-
branched poly(ester-amide) of different molecular
weight. European Polymer Journal, 46, 1498–1509
(2010).
DOI: 10.1016/j.eurpolymj.2010.04.015
[10] Foix D., Khalyavina A., Morell M., Voit B., Lederer
A., Ramis X., Serra A.: The effect of the degree of
branching in hyperbranched polyesters used as reac-
tive modifiers in epoxy thermosets. Macromolecular
Materials and Engineering, 297, 85–94 (2012).
DOI: 10.1002/mame.201100078
                                               Tomuta et al. – eXPRESS Polymer Letters Vol.7, No.7 (2013) 595–606
                                                                                                    605
Figure 12. SEM micrograph of the impacted fracture sur-
face for the thermoset containing a 10% of HBP-
Und at 20000 magnifications[11] Emrick T., Chang H-T., Fréchet J. M. J., Woods J.,
Baccei L.: Hyperbranched aromatic epoxies in the
design of adhesive materials. Polymer Bulletin, 45, 1–7
(2000).
DOI: 10.1007/s002890070049
[12] Jannerfeldt G., Boogh L., Månson J-A. E.: Influence
of hyperbranched polymers on the interfacial tension
of polypropylene/polyamide-6 blends. Journal of Poly-
mer Science Part B: Polymer Physics, 37, 2069–2077
(1999).
DOI: 10.1002/(SICI)1099-0488(19990815)37:16<2069
::AID-POLB10>3.0.CO;2-U
[13] Star A., Stoddart J. F.: Dispersion and solubilization of
single-walled carbon nanotubes with a hyperbranched
polymer. Macromolecules, 35, 7516–7520 (2002).
DOI: 10.1021/ma0204150
[14] Kim Y. H., Webster O. W.: Hyperbranched poly  -
phenylenes. Macromolecules, 25, 5561–5572 (1992).
DOI: 10.1021/ma00047a001
[15] Hong Y., Cooper-White J. J., Mackay M. E., Hawker
C. J., Malmström E., Rehnberg N.: A novel processing
aid for polymer extrusion: Rheology and processing of
polyethylene and hyperbranched polymer blends. Jour-
nal of Rheology, 43, 781–793 (1999).
DOI: 10.1122/1.550999
[16] Tomuta A. M., Ferrando F., Serra À., Ramis X.: New
aromatic–aliphatic hyperbranched polyesters with
vinylic end groups of different length as modifiers of
epoxy/anhydride thermosets. Reactive and Functional
Polymers, 72, 556–563 (2012).
DOI: 10.1016/j.reactfunctpolym.2012.05.008
[17] Tomuta A. M., Ramis X., Ferrando F., Serra A.: The
use of dihydrazides as latent curing agents in digly-
cidyl ether of bisphenol A coatings. Progress in Organic
Coatings, 74, 59–65 (2012). 
DOI: 10.1016/j.porgcoat.2011.10.004
[18] Moore J. S., Stupp S. I.: Room temperature polyesteri-
fication. Macromolecules, 23, 65–70 (1990).
DOI: 10.1021/ma00203a013
[19] Schallausky F., Erber M., Komber H., Lederer A.: An
easy strategy for the synthesis of well-defined aliphatic-
aromatic hyperbranched polyesters. Macromolecular
Chemistry and Physics, 209, 2331–2338 (2008).
DOI: 10.1002/macp.200800346
[20] Schmaljohann D., Komber H., Voit B.: Conversion
dependence of the structural units and the degree of
branching of a hyperbranched polyester based on 4,4-
bis-(4"-hydroxyphenyl)pentanoic acid determined by
NMR spectroscopy. Acta Polymerica, 50, 196–204
(1999).
DOI: 10.1002/(SICI)1521-4044(19990501)50:5/6<196
::AID-APOL196>3.0.CO;2-J
[21] Ramis X., Salla J. M., Mas C., Mantecón A., Serra A.:
Kinetic study by FTIR, TMA, and DSC of the curing
of a mixture of DGEBA resin and '-butyrolactone cat-
alyzed by ytterbium triflate. Journal of Applied Poly-
mer Science, 92, 381–393 (2004).
DOI: 10.1002/app.20061
[22] Zhang J., Guo G., Fox B.: Thermal and mechanical
properties of a dendritic hydroxyl-functional hyper-
branched polymer and tetrafunctional epoxy resin
blends. Journal of Polymer Science Part B: Polymer
Physics, 48, 417–424 (2010).
DOI: 10.1002/polb.21902
[23] Cicala G., Recca A., Restuccia C.: Influence of
hydroxyl functionalized hyperbranched polymers on
the thermomechanical and morphological properties
of epoxy resins. Polymer Engineering and Science, 45,
225–237 (2005).
DOI: 10.1002/pen.20242
[24] Schechter L., Wynstra J., Kurkjy R. P.: Glycidyl ether
reactions with amines. Industrial and Engineering
Chemistry, 48, 94–97 (1956).
DOI: 10.1021/ie50553a029
[25] Fox T. G.: Influence of diluent and of copolymer com-
position on the glass temperature of a polymer system.
Bulletin of the American Physical Society, 1, 123–125
(1956).
[26] Abate L., Blanco I., Cicala G., Recca G., Scamporrino
A.: The influence of chain-ends on the thermal and
rheological properties of some 40/60 PES/PEES copoly-
mers. Polymer Engineering and Science, 49, 1477–
1483 (2009).
DOI: 10.1002/pen.21378
[27] Vyazovkin S., Wight C. A.: Kinetics in solids. Annual
Reviews in Physical Chemistry, 48, 125–149 (1997).
DOI: 10.1146/annurev.physchem.48.1.125
[28] Xu G., Shi W., Gong M., Yu F., Feng J.: Curing behav-
ior and toughening performance of epoxy resins con-
taining hyperbranched polyester. Polymers for Advanced
Technology, 15, 639–644 (2004).
DOI: 10.1002/pat.520
[29] Brooker R. D., Kinloch A. J., Taylor A. C.: The mor-
phology and fracture properties of thermoplastic-tough-
ened epoxy polymers. The Journal of Adhesion, 86,
726–741 (2010).
DOI: 10.1080/00218464.2010.482415
[30] Morell M., Ramis X., Ferrando F., Serra À.: New
improved thermosets obtained from diglycidylether of
bisphenol A and a multiarm star copolymer based on
hyperbranched poly(glycidol) core and poly(methyl
methacrylate) arms. Macromolecular Chemistry and
Physics, 213, 335–343 (2012).
DOI: 10.1002/macp.201100497
[31] Levita G., De Petris S., Marchetti A., Lazzeri A.:
Crosslink density and fracture toughness of epoxy
resins. Journal of Materials Science, 26, 2348–2352
(1991). 
DOI: 10.1007/BF01130180
                                               Tomuta et al. – eXPRESS Polymer Letters Vol.7, No.7 (2013) 595–606
                                                                                                    606